The time limit within which x-ray-induced breaks in the chromosomes of dividing cells restitute, or recombine non-homologously, has not been established with any degree of exactitude, if, indeed, such a determination is possible. The problem has been variously attacked, but no single generalization adequately encompasses the divergent data obtained from such organisms as Tradescantia, Drosophila and maize. Even from the extensive x-ray studies which have been made on the microspore chromosomes of Tradescantia, the resultant conclusions drawn by the several investigators are only in partial agreement.
Time-intensity and fractional dosage studies on the microspore chromosomes of Tradescantia have led Sax to conclude that the broken ends remain in a condition permitting recoinbination or restitution for a period no longer than one hour. 1, 2 There is some indication that the time span may be as short as 20 minutes. The fact that temperature changes and centritugation will modify the x-ray-induced frequency of aberrations in the same material only when used within certain time limits supports this conclusion. 3' 4 Data from experiments einploying various radiations in combination provide additional supporting evidence. Ultra-violet, used as a pre-treatment, reduces the percentage of x-ray-induced aberrations in both Drosophila and Tradescantia.5' 6 When used as a post-treatment on the pollen tube chromosomes of Tradescantia, the effectiveness of the ultraviolet in reducing the percentage of detectable aberrations diminishes as the time interval between x-ray and ultra-violet radiation increases. The double (isochromatid) deletions appeared to be unaffected by postLtreatment, and hence were considered to be formed immediately upon x-radiation; the chromatid exchanges showed no reduction in number when treated with ultra-violet one hour after the breaks were induced; the single chromatid deletions continued to be reduced in number for at least an hour after their initial induction.
In addition to the direct observational evidence discussed above, Lea and red from 0.75 to 4.0 microns. A stream of tap water constantly flowing over the rotating tube probably absorbed all infra-red wave-lengths longer than 1.5 microns, thus liniiting the effective region to that portion of the spectrum between 0.75 and 1.5 microns. To insure adequate x-ray controls within each experiment, all the buds of any particular group were x-rayed simultaneously, whether they received infra-red or not. Only metaphase figures were scored for induced aberrations, and each figure in the "Total chromosomes" columns of tables 1 and 2 represents an analysis of 3 to 7 slides from acetocarmine smear preparations. Experimental Results.-The data on chromatid aberrations derived from the infra-red post-treatment series of previously x-rayed buds are summarized in table 1. Each time-interval treatment is given with its own x-ray control data, and, for comparative purposes, each treatment of x-rays plus infra-red should be considered in terms of its own x-ray control. The fluctuations existing between the various control treatments make such comparisons necessary.
Considering each type of aberration separately, it is evident that the greatest increases are to be found in the exchange aberrations. Except for the 18-hour series which shows a difference significant only at the 5 per cent level, the remainder of the treatments show increases which are highly significant. The increases in single and double deletions resulting from infra-red post-treatment are not as striking. The former show increases which are consistently higher throughout all treatments, while the double deletions show decreases with infra-red in the 4-and 18-hour series. The increases nevertheless are highly significant for both types of aberrations whether the P values are calculated by standard error methods or by summation of the individual chi squares. There can be little doubt, therefore, that infra-red post-treatments can effectively modify the rate of detectable aberrations in Tradescantia throughout the entire prophase period. Considered in the light of Sax's extensive data from time-intensity, fractional dosage and temperature experiments on identical material which definitely point to a rather brief period during which recombination can occur, these increases were somewhat unexpected.
How permanent are the chromosomal effects of infra-red which lead to a greater observable rate of x-ray-induced aberrations? The quantum energies of infra-red within the spectral limits employed are not of sufficient magnitude to produce dissociation within most molecular systems, and the induced vibrational and rotational changes of electrons are of mom]entary duration. It has been suggested'4 that low-grade disturbances within the polymerized nucleoproteins may "sensitize" the chromosomes to subsequent treatments with x-rays, but our lack of knowledge of the chemical organization of the chromosome, and of the possible effect of the infra-red radiation upon such a chemical system makes any inquiry as to the mechanism involved a purely speculative one. Earlier studies on Tradescantiall indicated, however, that the induced changes, whatever their nature might be, are at least of a semipermanent character, for an interval of 21 hours between the infra-red and x-ray treatments led to no appreciable reduction in infra-red effectiveness. The data in table 2 indicate that the time interval between the two radiations may be extended to 96 hours without reducing the infra-red effect. The changes, once induced in the chromosomes, are apparently not reversible with time. The time interval employed, however, is not of sufficient length to encompass an entire mitotic cycle.
Since the induced effect can be brought about in resting nuclei and persist until prophase, the stage at which chromatid breaks are presumed to be produced by x-rays, it is possible that the "sensitization" mechanism has as its basis some alteration induced in the processes which transform the chromosomes from a resting to a prophase state. Apart from subtle chemical changes which cannot be detected cytologically, the more conspicuous phenomena are the progressive dehydration, nucleination and coiling of the Vol. 35, 1949 chromosomes. That coiling is unaffected by the infra-red is reasonably certain; the length and diameter of the chromosomes appear the same whether infra-red has been applied or not. Little can be said, from a strictly cytological point of view, about dehydration of the chromosomes. On the other hand, if the infra-red interferes, in any way, with nucleic acid polymerization, and its attachment or detachment to the chromosome framework, a process which according to some cytologists stabilizes the chromosome during cell division, then one might theorize that any agent upsetting nucleination would tend to increase or decrease the fragility of the chromosome to x-radiation. As has been emphasized, however, whatever changes may occur in the chromosomes are not reflected in any morphologically detectable alteration of structure. The only consistent difference noted between control and infra-red-treated microspores is an increased percentage of cells observed dividing at an oblique angle. In the untreated microspores of Tradescantia, the spindle is oriented in the short axis of the cell. The presence of two large sap vacuoles, one at either end of the cell, makes this, however, the long axis of the cytoplasm. About 5 per cent of the cells normally lack one vacuole, thus producing a condition such that the long axis of the cytoplasm is oblique. The spindle orients itself accordingly. In all infra-red-treated buds, 25 per cent of the cells, on an average, possess an oblique division plane with an accompanying absence of one vacuole or both. The meaning of this observation in terms of an increased rate of chromatid aberrations is obscure, if indeed there is any correlation, unless one is dealing here with a viscocity change which affects both chromosomes and cytoplasm.
Discussion.-The interpretation placed upon the data presented in this report will depend upon the light in which they are viewed, i.e., whether the data are viewed in the light of the Kaufmann and Gay'6 hypothesis as to the mechanism of infra-red effect, or in the light of the hypothesis advanced by Swanson and Hollaender.15 Consideration must also be given to the extensive data on x-rayed microspore chromosomes of Tradescantia, all of which point to the occurrence of recombination within a relatively short period of time after the initial induction of the primary breaks.
Kaufmann and Gay"6 consider that the production of primary breaks in the chromosomes of Drosophila sperm cells results only from the ionizing action of the x-rays. The additional infra-red radiation merely makes more of the breaks available for purposes of recombination, i.e., recombination is favored at the expense of restitution, but the infra-red does not of itself play any r6le in increasing the number of primary breaks. The principal basis upon which this hypothesis rests is the evidence that infra-red, while effectively modifying the rate of detectable recombinations, is without effect on the rates of induced dominant or recessive lethals, both presumably being single-hit phenomena. The second hypothesis,'5 which advanced the opinion that the infra-red radiation was instrumental in increasing the actual number of primary breaks, was proposed in order to relate the data for both the pre-and post-treatments to a single mechanism. It was suggested that "if both infra-red and x-rays are capable of weakening the chromosome structure (this in addition to the normally realized x-ray breaks) in a manner which would not be detectable as distinct breaks, and which would not be realized unless further disturbed by the addition of the other type of radiation, then an additional increase in break frequency would be expected with both pre-and post-treatments with infra-red radiation." Suffice it to say, no critical evidence has yet been obtained which invalidates one or the other, or both, of the hypotheses. Physical data alone would suggest that infra-red energies are incapable of disrupting ordinary molecular bonds, but our lack of knowledge as to the effects of infra-red on macromolecular systems such as the chromosome nucleoproteins makes such considerations mere speculations.
Time-intensity,' fractional dosage,2 temperature3 and centrifugation4 data fit into the interpretation that the time interval of recombination of x-rayed microspore chromosomes of Tradescantia is comparatively brief; it is to be measured in minutes and not in hours. The data in table 1, however, definitely indicate that infra-red post-treatments effectively increase the rate of all aberrations for a time interval between the x-ray and infrared treatments even as great as 18 hours. To account for these data on the hypothesis of Kaufmann and Gay it would have to be assumed that, after normal recombination has taken place, there still remains a reservoir of primary breaks which do not restitute and which, under the influence of infra--ed, are activated to a state wherein they will enter into recombination with other similarly activated breaks or be expressed as single deletions. It must also be assumed that this reservoir of breaks cannot be tapped by other environmental agents such as temperature and centrifugation. Such an explanation is not in good agreement with the time-intensity and fractional dosage experiments.] 2 On the other hand, if it be assumed that the infra-red can raise the rate of primary breaks, the data presented here and earlier'5 become explicable and at the same time remain conformable to the data of Sax. An increase in both single deletions and exchange aberrations is to be expected on this basis, whereas a decrease in single deletions would be expected to accompany an increase of exchange aberrations, if only recombination were influenced by the infra-red, since the exchanges arise from single deletion types of breaks. It is, of course, entirely possible that both hypotheses are correct. Infra-red may induce primary breaks and also affect recombination. At the moment, however, we are inclined to feel that, in light of the Tradescantia data, the essential effect of the infra-red is to induce breaks. At the same time it is recognized that this explanation is less likely when
